A bracket coated with a nitrogen-doped (N-doped) TiO 2-x N y thin film was prepared using the RF magnetron sputtering method. The physicochemical properties of the thin film were measured using X-ray diffraction and energy-dispersive X-ray spectrometry, while the antimicrobial activity of the bracket against common oral pathogenic microbes was assessed on the basis of colony counts. The rate of antimicrobial activity of the bracket coated with nano-TiO 2-x N y thin film against Streptococcus mutans, Lactobacillus acidophilus, Actinomyces viscous, and Candida albicans was 95.19%, 91.00%, 69.44%, and 98.86%, respectively. Scanning electron microscopy showed that fewer microbes adhered to the surface of this newly designed bracket than to the surface of the normal edgewise bracket. The brackets coated with the N-doped TiO 2-x N y thin film showed high antimicrobial and bacterial adhesive properties against normal oral pathogenic bacterial through visible light, which is effective in prevention of enamel demineralization and gingivitis in orthodontic patients.
INTRODUCTION
During orthodontic treatment with fixed appliances, chalk stains on tooth surfaces, dental caries, and gingivitis often develop. In one study, 46% of orthodontic patients treated with fixed appliances developed demineralization around the enamel enveloping the bracket within 12 months of the treatment 1) , and in another, gingivitis at varying degrees was noted 2) . The using of fixed appliance causes a reduction in self-cleaning ability, adhesion, retention of dental plaque, and changes in the oral microecological environment, all of which lead to a microbial imbalance in the dental plaques. Because of the excessive proliferation of pathogenic bacteria like Streptococcus mutans and Lactobacillus, the plaque becomes infected. Further, in patients with fixed appliances, the pH of gingival plaque reduces significantly, the carbohydrate content of the plaque is significantly increased, and the calcium and phosphorus content is significantly decreased 3) . Thus, bacterial infection is a direct cause of enamel demineralization and gingivitis.
Currently, the most commonly employed strategy to prevent the occurrence of enamel demineralization and gingivitis during orthodontic treatment with fixed appliances is to educate patients about the management of dental plaques and the use of fluoride mouth rinse, fluoridated dentifrice, and fluoride-releasing adhesives. However, for this strategy to be successful, active patient cooperation is essential during the entire treatment period. Further, the long-term clinical efficacy of fluoridecontaining adhesives needs to be investigated further 4) .
TiO2 is an n-type semiconductor material with strong reducibility and oxidizability. Under UV radiation at less than 387.5 nm, TiO 2 nanoparticles generate highly active hole (h+)-electron (e−) pairs, which reacts with the oxygen and H2O molecules to generate OH free radicals, superoxide ion (O2 − ), peroxyl (•OOH) radicals and hydrogen peroxide (H2O2) 5) . Active hydroxyl, O2 − , •OOH, and H2O2 all react with biological molecules such as lipids, proteins, enzymes, and nucleic acid macromolecules, damaging biological cell structures through a series of oxidation reactions. Moreover, H 2O2 can penetrate the microbial membrane, making it microbicidal, and decompose lipids like endotoxins, which are released from dead microbes, over an extended period 6) . Therefore, TiO2 nanoparticles treated with UV radiation could show superior microbicidal properties and decompose endotoxins released from dead microbes.
The photocatalytic and antimicrobial activities of nano-TiO 2 may underlie a novel approach to reduce bacterial plaque formation following bracket implantation. Shah et al. 7) modified the surface of steel and TiO2 orthodontic brackets by using UV radiation treatment, and these brackets had a bactericidal effect on Lactobacillus acidophilus. However, the absorption band of TiO 2 is limited within the UV region to a wavelength of less than 387 nm, and it can only utilize UV light, which constitutes only 5% of sunlight. In addition, the photochemical hazard of the UV light source to both patients and dental staffs' skin and eyes can not be ignored in the practical application.
Doping and modification can enable TiO 2 to exhibit catalytic activity within the visible light region, enhancing the utilization rate of visible light and hence the photocatalytic efficiency of nano-TiO 2 8) . It has been found that N-doping is the most ideal method and TiO 2 modified with N-doping has excellent visible light activity as well as UV light activity 9) . Asahi believed that N-doping leads to a narrowing of the band gap and redshift of absorption band by mixing the N2p and O2p states 9) .
The aim of the present study was to develop a bracket coated with an N-doped TiO 2-xNy thin film and to test its antimicrobial and bacterial adhesive properties against Streptococcus mutans, Lactobacillus acidophilus, Actinomyces viscous, and Candida albicans. Through this study, a novel approach to the effective prevention of enamel demineralization and gingivitis in orthodontic patients may be achieved.
MATERIALS AND METHODS

Materials, appliances, and reagents
The products and instruments used in the experiments were TiO 2 ceramics (size 75 mm×5 mm, sourced form Chengdu Ultrapure Technology Co., Ltd., Chengdu, China), stainless steel edgewise brackets (0.022"type, Hangzhou Xingchen 3B Dental Instrument & Material Co., Ltd., Hangzhou, China), JZCK-580 highvacuum magnetron sputtering coating equipment (Liaoning Juzhi Scientific Development Co., Ltd., Shenyang, China), an X-ray diffractometer (Rigaku D/ MAX-2400, Japan), a field-emission scanning electron microscope (SEM; Hitachi S-4800, Japan), a Noram energy-dispersive X-ray spectrometer (resolution, 12 keV; Thermo Scientific, USA), and a thermostatic light incubator(Lamp, 100W*2). The reagents and media included tryptone, yeast extract (Oxoid), peptone, glucose, agar, KH 2PO4, K2HPO4, Na2CO3, and glycerol (Shanghai Reagent, Shanghai, China), and the microbes included S. mutans ATCC25175, L. acidophilus ATCC4356, A. viscous ATCC15987, and C. albicans ATCC10231.
Preparation of bracket coated with an N-doped TiO 2-xNy thin film
Before deposition of the film, the brackets were cleaned using the ultrasonic method at 90°C in a solution of 40 g/L NaOH, 25 g/L Na 2CO3, 50g/L Na3PO4·12H2O, and 7.5 g/L Na2SO3. When no globs were observed on the bracket surface, the bracket was placed in acetone for ultrasonic cleaning for 20 min. The clean brackets were then immersed in beakers containing acetone till the subsequent experiment.
The TiO 2-xNy thin film was deposited on the bracket by using JZCK-580 high-vacuum magnetron sputtering equipment. The target was high-purity TiO 2 (99.99%). The chamber pressure was pumped down to 1.0×10 −3 Pa using a turbo molecular pump, and the pressure was maintained at 1.0 Pa during film growth. The RF power was kept at 200 W and the substrate temperature, at 300°C. High-purity argon and nitrogen at a ratio of 30:1(Through numerous tests, we can get anatase titanium dioxide at 30:1 under the experimental conditions in this article) acted as the ambient gas during the sputtering process. Before deposition, pre-sputtering was performed for 10 min to remove pollutants from the target surface. The attachment side was not sputtered. After sputtering for 4 h, the TiO 2-xNy-coated brackets were cooled to room temperature and annealed in nitrogen at 450°C. X-ray diffraction (XRD) was employed to investigate the structural properties of the TiO 2-xNy thin film, and a field-emission SEM was used to study the film's surface morphology. The elemental composition of the film was qualitatively and semi-quantitatively analyzed using energy-dispersive X-ray spectrometry.
Colony counts
Separate suspensions of the common oral pathogens S. mutans, L. acidophilus, A. viscous, and C. albicans were prepared at a concentration of 1.5×10 6 CFU/mL each. Then, 100 μL of each suspension was added to 3 mL of liquid medium in tubes, and the test brackets (coated with the N-doped TiO 2-xNy thin film) and control brackets (normal edgewise brackets) were placed into these tubes, which were incubated at 25°C and 37°C for 24 h under visible light(Lamp, 100W*2, 24 h). This procedure was repeated for 5 times. The Candida albicans were cultured on Sabouraud medium containing peptone, glucose and agar. S. mutans, L. acidophilus and A. viscous were cultured on TPY medium containing tryptone, yeast extract, glucose, KH 2PO4, K2HPO4, Na2CO3, and agar.
After incubation, the suspensions were shaken vigorously, and then 10 μL of each suspension was diluted in 10 mL of sterile saline. Next, 10 μL of this dilution was added to cooled (55°C) solid medium, vigorously shaken, and then poured into a petri dish. C. albicans was cultured at 25°C while S. mutans, L. acidophilus, and A. viscous were cultured at 37°C for 24 h, after which the number of colonies on each plate were counted. This procedure was repeated for 3 times.
Bacterial adhesion experiment
The test and control brackets were immersed in a 1.5×10 6 CFU/mL suspension of S. mutans and cultured in a thermostatic incubator at 37°C for 3 h. They were then taken out and washed in phosphate-buffered saline (PBS) and fixed in 2.5% glutaraldehyde. Critical point drying was then conducted using a CO 2 critical point drier, and bacterial adhesion was observed under an SEM.
Statistical analysis
The statistical significance was assessed by SPSS Version 13.0 (SPSS, Chicago, Ⅲ.). All the samples were counted to calculate the mean±SD (n=15). The antimicrobial activity rate was calculated using the following formula: Antimicrobial activity rate (%)=(Colony count of the control group−colony count of the test group)/colony count of the control group ×100. The data were analyzed by one-way analysis of variance (ANOVA).
RESULTS
Chemical properties of the N-doped TiO2-xNy thin film
The XRD patterns of the N-doped TiO2-xNy thin film are shown in Fig. 1 . XRD clearly demonstrated anatasephase and rutile-phase characteristic peaks in the control brackets without annealing treatment. Following annealing treatment at 450°C for 2 h, the XRD patterns of the bracket coated with the N-doped TiO2-xNy thin film showed significant diffraction peaks at 2θ=25.120° and 2θ=37.680°, which corresponded to the (101) and (004) planes of the anatase type, which are characteristic peaks of anatase structure and are characterized by preferred orientation. According to the Scherrer equation d=0.89λ / β cos θ, the X-ray wavelength λ is 0.15406 nm, the line broadening at half the maximum intensity in radians β is 0.235°(0.00410rad), and θ is the corresponding diffraction angle of the XRD peak (°). Following annealing treatment at 450°C, the mean grain size of the N-doped TiO 2-xNy film coated on the bracket was 33 nm, indicating that the TiO2-xNy was a nano-sized thin film. Figure 2 shows the energy-dispersive X-ray patterns of the brackets under the same field conditions. The elements of the control group and test group were compared, and it was found that the thin film consisted of N, O, and Ti, and the mass ratio of nitrogen was 0.13%. 
Colony counts
The antimicrobial activity of the bracket coated with N-doped TiO 2-xNy thin film was described in terms of the count of the surviving colonies in the petri dish. The results showed the colony count (CFU) of the control group and the test brackets (Fig. 3) , and the antimicrobial rates against S. mutans, L. acidophilus, A. viscous, and C. albicans were shown respectively ( Fig. 4 ). By analysis of variance we can find the antimicrobial rate of four groups is statistically significant (p<0.001). Furthermore, the antibacterial effect has no significant difference in S. mutans vs. C. albicans (p>0.001) and S. mutans vs. L. acidophilus (p>0.001). But there is significant difference in the following comparisons: L. acidophilus and C. albicans (p<0.001), A. viscous and C. albicans (p<0.001), S. mutans and A. viscous (p<0.001), L. acidophilus and A. viscous (p<0.001).
Bacterial adhesion
SEM examination of the test and control brackets immersed in S. mutans suspension showed a large number of bacteria adherent to the surface of the normal edgewise bracket, while fewer bacteria were adherent to the surface of the bracket coated with the N-doped TiO 2-xNy thin film (Fig. 5) .
DISCUSSION
TiO2 is an inorganic photocatalytic agent with broadspectrum antimicrobial activity, heat resistance, and a long duration of action 10, 11) . TiO2 is applied in two forms: in the first, TiO2 powder is dispersed in a medium in the form of particles. However, nanosized TiO2 powder is difficult to disperse because of its strong aggregation due to the extremely high surface energy, which directly affects its antimicrobial activity and physiochemical properties 12) . The other form of application is as a thin TiO2 membrane, as used in the present study. Many methods are available to prepare TiO2 membranes. TiO2 is generally coated on carriers using a surface technique or is directly fixed on the surface of carriers with minimal impact to the carrier. The RF magnetron sputtering method has been explored in detail and exhibits many desirable characteristics such as a low deposition temperature, strong coating adhesion, uniform coating, and high hydrophilicity.
The N-doped TiO 2-xNy thin film was deposited on the surface of stainless steel edgewise brackets using the RF magnetron sputtering method. TiO 2 has three types of crystalline structures: rutile, anatase, and brookite. Brookite is an amorphous structure, which metamorphoses into the anatase structure at low temperatures and the rutile structure at high temperatures. Crystalline structure is a significant factor that affects the photocatalytic performance of TiO 2. It has been demonstrated that the photocatalytic activity of the anatase structure is higher than that of the rutile structure 13) . In our study, XRD demonstrated that the sputtering coated TiO2 exhibited the characteristic peak of anatase. After annealing treatment at 450°C, the TiO 2 was completely transformed into the anatase structure. Energy-dispersive X-ray patterns showed that the TiO 2 deposited on the bracket surface contained three elements, namely, Ti, O, and N, suggesting that a bracket coated with an anatase-phase TiO 2-xNy thin film had been successfully prepared using the magnetron sputtering method.
A previous study formulated criteria for evaluating photocatalytic antimicrobial materials and for assessing their antimicrobial performance 14) . The present study was performed strictly according to these criteria, and the antimicrobial activity of the brackets was assessed accordingly. Common antimicrobial tests include the bacteriostatic ring test and the count test. The former test is a common method used to qualitatively detect antimicrobial performance measured on the basis of the diameter of the bacteriostatic circle. This ring test is more direct and clearer than the count test. However, the brackets used in our study were square, and no evident bacteriostatic ring could be obtained around them. Therefore, the count test was employed instead.
In current clinical practice, the complications observed during the use of fixed orthodontic appliances include enamel demineralization, dental caries, and gingivitis. S. mutans is a common bacterium that induces enamel demineralization and dental caries, while L. acidophilus and A. viscous often cause gingivitis and periodontitis. As a conditioned pathogen, C. albicans is detected in 24-40% of patients undergoing orthodontic treatment 15) . Similarly, the oral Candida carriage rate in adolescents varies significantly before and after orthodontic treatment with fixed appliances. Therefore, the present study used S. mutans, L. acidophilus, A. viscous, and C. albicans as the experimental microbial strains. The colony counts showed that the bracket coated with the TiO 2-xNy thin film exhibited high antimicrobial activity against all four test organisms. In this study, the brackets coated with the TiO 2-xNy thin film showed a weak prevention for A.viscous. This may be attributed to the different bacterial sensitivity.
After the TiO 2-xNy thin film is formed on the surface of the edgewise bracket, •OH hydroxyl free radicals are generated in the film through the redox reaction under irradiation by visible light. This free radical then reacts with molecules such as lipids, proteins, and enzymes; destroys the cell structure of microbes; and causes denaturation of proteins, the breakdown of polypeptide chains, and lipid and carbohydrate degradation, ultimately resulting in cell death. The reaction of free radicals with organic compounds in microorganisms is not specific; therefore, TiO 2 photocatalytic agents have broad-spectrum antimicrobial activity. In addition, the amount of agent in the film does not change, making it long acting.
The using of orthodontic brackets leads to increase of dental plaque, the first step of forming dental plaque is attachment. S. mutans is the major bacterial of dental plaque 15) . The SEM images in this study showed that fewer bacteria adhered to the surface of the bracket coated with the TiO 2-xNy thin film than to that of the normal edgewise bracket. Bacterial deposition and adhesion are the first steps in infection. Therefore, prevention of bacterial adhesion can effectively reduce the aggregation of bacteria on membrane surfaces and thereby increase antibacterial efficacy.
Establishing the biocompatibility of the bracket coated with the TiO 2-xNy thin film is a pre-requisite to determining its clinical application. Titanium and its oxides are currently thought to be ideal biological materials because of their high biological safety. Our previous study showed that the cytotoxicity of the bracket coated with N-doped TiO 2-xNy thin film was grade 0, and cells grew well adherent to the surface to the bracket. Animal experiments have demonstrated that the bracket coated with the TiO 2-xNy thin film does not cause mucosa irritation, short-term systemic toxicity, hemolysis, or genetic toxicity, and that the film exhibits high biocompatibility. However, further studies should be carried out to investigate the corrosion of the bracket coated with the N-doped TiO 2-xNy thin film in the oral micro-environment and the toxicity of its corrosion products to the human body.
CONCLUSIONS
1) The TiO2-xNy thin film appears to exhibit the anatase-phase structure; the mean particle size is 33 nm, and the mass ratio of N is 0.13%. 2) The bracket coated with the TiO 2-xNy thin film shows high antimicrobial activity against S. mutans, L. acidophilus, A. viscous, and C. albicans.
3) The bracket coated with the TiO 2-xNy thin film strongly prevents the adherence of S. mutans. 4) This study demonstrates that the bracket coated with the TiO 2-xNy thin film may be effective for the prevention of enamel demineralization and gingivitis during orthodontic treatment.
